We hypothesized that chemoprophylaxis with the echinocandin micafungin would be an effective agent for antifungal prophylaxis during neutropenia in patients undergoing hematopoietic stem cell transplantation (HSCT). We therefore conducted a randomized, double-blind, multi-institutional, comparative phase III trial, involving 882 adult and pediatric patients, of 50 mg of micafungin (1 mg/kg for patients weighing !50 kg) and 400 mg of fluconazole (8 mg/kg for patients weighing !50 kg) administered once per day. Success was defined as the absence of suspected, proven, or probable invasive fungal infection (IFI) through the end of therapy and as the absence of proven or probable IFI through the end of the 4-week period after treatment. The overall efficacy of micafungin was superior to that of fluconazole as antifungal prophylaxis during the neutropenic phase after HSCT (80.0% in the micafungin arm vs. 73.5% in the fluconazole arm [difference, 6.5%]; 95% confidence interval, 0.9%-12%;
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bone marrow transplant recipients, fluconazole was associated with a significant reduction in the frequency of invasive candidiasis, compared with placebo [1, 2] . However, fluconazole does not protect patients from invasive aspergillosis [5, 6] .
Echinocandins are a novel class of antifungal agents with antifungal activity against Candida and Aspergillus species and Pneumocystis carinii [7] [8] [9] . These compounds interrupt biosynthesis of b-1,3-glucan linkages, an essential component of the fungal cell wall [10, 11] . There is little human toxicity attributed to the mechanism of action, because glucan polymers are not components of mammalian cells. We therefore hypothesized that an echinocandin would be a safe and effective alternative to fluconazole as antifungal prophylaxis with broader-spectrum activity against invasive aspergillosis during neutropenia. To test this hypothesis, we conducted a randomized, double-blind, multicenter clin-ical trial that compared the echinocandin micafungin (FK463) with fluconazole for prevention of invasive fungal infections during the neutropenic phase of HSCT.
METHODS
Participants
Eligible patients were those who were required to receive an allogeneic HSCT, for any indication, or an autologous HSCT, for hematological malignancy. Patients also were required to be at least 6 months of age and free of deeply invasive fungal disease at the time of enrollment. They could not have received systemic antifungal therapy within 72 h before administration of the first dose of study drug. Patients were free of liver disease, as defined by serum aminotransferase levels !5 times the upper limit of normal or by bilirubin levels !2.5 times the upper limit of normal. Study procedures were reviewed and approved by institutional review boards at each of the study centers prior to patient enrollment. Written informed consent was obtained from each patient or guardian prior to randomization. Patients were excluded if they were receiving an autologous transplant for nonhematological malignancies or if they were known to have a history of anaphylaxis attributable to azole or echinocandin compounds.
Interventions
The study was a prospective, randomized, double-blind comparative trial of micafungin and fluconazole administered during the neutropenic (i.e., pre-engraftment) phase of HSCT. Patients received 50 mg of micafungin (1 mg/kg for patients weighing !50 kg) or 400 mg of fluconazole (8 mg/kg for patients weighing !50 kg) once daily as a 1-h infusion. Randomized treatment was initiated within 48 h of the beginning of the transplant-related conditioning regimen. Outpatient administration of study treatment was permitted. To maintain the blind, all patients received the daily infusion intravenously, in a volume of 200 mL over 1 h, from an infusion set covered by an opaque bag. For patients weighing !50 kg, a volume of 4 mL/kg was infused. Patients who developed a creatinine clearance rate of р50 mL/min had an adjustment of the volume of blinded study drug that reduced the fluconazole dose but maintained the micafungin dose.
Patients were to receive the assigned treatment until the earliest of the following: р5 days after engraftment (defined as an absolute neutrophil count of у500 cells/mm 3 after the nadir absolute count); treatment day 42 after HSCT; development of proven, probable, or suspected invasive fungal infection; development of unacceptable drug toxicity; death; withdrawal from study participation (patient's decision); or discontinuation of study treatment (investigator's decision).
Objectives
The objectives of this study were to compare the noninferiority of micafungin with fluconazole over a difference of 10% and to then assess the superiority of micafungin as antifungal prophylaxis in the neutropenic phase after HSCT.
Outcomes
The primary end point was treatment success, which was defined as the absence of proven, probable, or suspected systemic fungal infection through the end of prophylaxis therapy and as the absence of a proven or probable systemic fungal infection through the end of the 4-week posttreatment period. The rate of treatment success was calculated as the ratio of the total number of treatment successes to the total number of patients across all strata (defined below in the subsection Sequence generation) who were treated. Proven infection was defined as biopsy-proven invasive or disseminated infection. Sinus or pulmonary infection with Aspergillus, Fusarium, or Zygomycetes organisms also was considered to be proven if results of cultures of specimens obtained from the respiratory tract were positive in conjunction with compatible diagnostic imaging findings. Patients were deemed to have probable pulmonary aspergillosis if lower respiratory tract diagnostic studies revealed fungal elements in conjunction with compatible clinical and radiographic findings. These criteria for proven and probable infection are consistent with those for invasive fungal infection described by the Invasive Fungal Infections Cooperative Group of the European Organization for Research and Treatment of Cancer, National Institute of Allergy and Infectious Diseases Mycoses Study Group [12] . Fungal infection was defined as suspected if fevers (temperature, у38ЊC [у100.4ЊF]) persisted for 196 h during the neutropenic phase, despite broad-spectrum antibacterial therapy, and led to the initiation of empirical antifungal therapy.
The use of systemic antifungal agents for treatment of suspected fungal infections, the frequency of proven or probable fungal infections throughout the posttreatment period, and the pathogen-based frequency of proven infections were analyzed as secondary efficacy variables. Other secondary outcome measurements included the frequency of superficial fungal infection, the frequency of fungal colonization, the time to treatment failure, the time to suspected fungal infection, and mortality. Safety analyses included adverse events, results of clinical laboratory tests, and vital signs. Laboratory-based hematological and serum chemistry analyses and fungal surveillance cultures were performed at the study sites at baseline, at least twice weekly while study drugs were administered, and on the final day of therapy.
Sample Size
The sample size estimation was based on the primary end point, which was treatment success at the end of study. On the basis of prior multicenter, randomized prophylactic trials with fluconazole in adult bone marrow transplant recipients [1, 2] , the most frequent reason for therapy failure was the use of empirical systemic antifungal agents in 50%-60% of the patients. Therefore, the rate of treatment success for fluconazole was estimated to be 40%. On the basis of this assumption and a 1-sided, large-sample, normal-approximation noninferiority test with a statistical significance of 2.5% [13] , 400 patients per treatment group would provide у80% power and a type I error of 0.05 over a difference in treatment success of 10%.
In accordance with standards of good clinical practice, adverse events that occurred up to 72 h after the administration of the final dose of study drug were captured on report forms. A data safety monitoring board reviewed all serious adverse event reports on a monthly basis during the study. Because patient enrollment occurred faster than expected, a planned interim analysis of efficacy and safety data was not performed.
Randomization
Sequence generation. Patients providing informed consent were randomly assigned to receive micafungin or fluconazole using a 1:1 schedule. Randomization was stratified according to age (6 months to 12 years and у13 years), study center, and type of transplant (autologous, matched-sibling allogeneic, or matched unrelated donor). Patients receiving an allogeneic transplant were further stratified according to risk of transplantrelated mortality. High-risk allogeneic transplant criteria included acute leukemia in relapse or in complete remission for at least the third time, chronic myelogenous leukemia in other than the first chronic phase, Hodgkin lymphoma or non-Hodgkin lymphoma in relapse or greater than or equal to the second complete or partial remission, myelodysplastic syndrome, myeloproliferative syndrome, breast cancer in relapse or greater than or equal to the second complete or partial remission, ovarian carcinoma, peripheral neuroectodermal tumor, sarcoma, immunodeficiency disease, inborn metabolic errors, and familial erythrophagocytic disorders.
Concealment and implementation of patient randomization. Pharmacists involved in the investigation randomized the patients via an interactive central telephone service. The randomization schedule was generated by the Research Data Operations Department of Fujisawa Healthcare.
Blinding
Hospital staff at study centers and all nonpharmacist study staff involved in the investigation were blinded to the randomized drug assignment. Twelve patients were unblinded during the study. The unblinding occurred prior to the assessment of efficacy for only 1 patient, who was then excluded from the efficacy analysis.
Statistical Methods
Patients who received at least 1 dose of study treatment were included in the modified intent-to-treat (MITT) analysis group. Patients who received at least 7 doses of study drug and had no major protocol violations constituted the efficacy-evaluable group. Primary and secondary end points were examined for the MITT group and the evaluable group. Breakthrough invasive fungal infections that were determined by investigators to be proven or probable were reviewed in a blinded manner by means of predetermined protocol criteria.
For the primary analysis of treatment success, micafungin was considered not to be statistically inferior to fluconazole if the 95% lower confidence bound on the difference in success rates between micafungin and fluconazole was more than Ϫ10% and was considered to be statistically superior if the lower confidence bound was 10%. A secondary analysis of the primary end point was performed by the Cochran-MantelHaenszel test, adjusting for study center and strata. A treatment-by-study center interaction was assessed using the Breslow-Day test for homogeneity of ORs.
For all secondary end points, except for time of treatment failure, the treatment arms were compared using the CochranMantel-Haenszel x 2 test or Fisher's exact test for analysis of proportions, when appropriate (i.e., depending on the numbers per cell in the analysis). Time to treatment failure and 2 ϫ 2 time to suspected fungal infection were analyzed using the log rank test and Cox's proportional hazards models. All comparisons were 2-sided, with a significance level of 5%. All data were reviewed and analyzed by the MSG Central Biostatistics Unit (University of Alabama, Birmingham).
RESULTS
From 13
November 1999 to 12 December 2000, 1267 patients at 72 study centers were screened for eligibility, and 889 patients were enrolled. A total of 882 patients (425 in the micafungin arm and 457 in the fluconazole arm) received at least 1 dose of study drug at the beginning of the neutropenic or preengraftment phase of HSCT; data from these patients were used to determine the primary end point in the MITT analysis set. Reasons for ineligibility during study recruitment and for nonreceipt of allocated study treatment are outlined in figure 1. Two patients in the MITT analysis, both of whom were in the micafungin arm, received study drug but never underwent HSCT.
The rates of therapeutic response for patients in the MITT analysis paralleled those for patients in the evaluable analysis. Thus, results of the MITT analysis alone are presented throughout the remainder of this report.
Demographic characteristics. The 2 treatment groups were similar with regard to age, sex, race, weight, underlying disease, and risk of transplant-related mortality (table 1). The 2 treatment arms also were similarly balanced with respect to the proportion of patients who developed and then recovered from neutropenia, the median time to neutrophil recovery, the median time to a second HSCT, the number of patients who developed graft-versus-host disease, and the use of hematopoietic growth factors. The median duration of therapy was 18 days for adult patients overall and was similarly balanced in both study arms for patient subgroups.
Treatment outcome. The overall treatment success rate for patients in the micafungin arm was significantly higher than that for patients in the fluconazole arm (80.0% vs. 73.5%; absolute difference, +6.5%; 95% CI, 0.9%-12%;
). The P p .03 Kaplan-Meier estimate of treatment success also was greater in the micafungin group than in the fluconazole group (P p , by the log rank test; , by the Cochran-Mantel-.025 P p .026 Haenszel test for pooled centers) (figure 2). This treatment difference was consistent in all subgroups of patients (table 2) .
Breakthrough infections. There were 6 breakthrough infections due to Candida species recovered from the bloodstream. Three micafungin-treated patients had candidemia due to Candida lusitaniae, Candida albicans, and Candida parapsilosis during prophylactic treatment, whereas a fourth patient had candidemia due to Candida glabrata during the posttreatment follow-up period (table 3). The micafungin dosages for these patients were comparable with the overall mean dosage Two patients who had a systemic fungal infection in the 72 h before receiving study drug were excluded from the analysis. Time to treatment success was superior for the micafungin recipients (P p , by the log-rank test; , by the Cochran-Mantel-Haenszel .025 P p .026 test for pooled centers). There was no significant treatment-by-study center interaction ( ). P p .26 of mg/kg per day for all micafungin-treated pa-0.70 ‫ע‬ 0.16 tients. Two fluconazole-treated patients had candidemia due to Candida krusei and C. parapsilosis during prophylactic treatment.
There was 1 case of probable breakthrough aspergillosis among patients treated with micafungin and 7 cases (4 proven and 3 probable) among patients treated with fluconazole ( ). There was 1 case of fusariosis among patients P p .071 treated with micafungin and 2 cases among those who received fluconazole. The only episode of zygomycosis occurred in a patient treated with micafungin.
Use of empirical therapy. A total of 64 (15.1%) of 425 patients in the micafungin arm and 98 (21.4%) of 457 patients in the fluconazole arm received empirical antifungal therapy ( ). Twenty-three patients had minor protocol devia-P p .024 tions, in that empirical therapy was instituted after 72 h of fever, rather than after 96 h of fever. Seventeen patients (9 in the micafungin arm and 8 in the fluconazole arm) who received empirical therapy were judged to have substantial protocol deviations. Three patients did not have fever that reached a temperature of at least 38ЊC, 6 patients were no longer neutropenic, and 8 patients had fever for !72 h.
Colonization. Oropharyngeal colonization was similar at baseline, with C. albicans and C. glabrata accounting for the majority of isolates in both the micafungin arm (71.3% and 10.4%, respectively) and the fluconazole arm (60.1% and 13.0%, respectively). During treatment, C. albicans was recovered from any site from 55.1% of micafungin-treated patients and 30.2% of fluconazole-treated patients, whereas C. glabrata was recovered from any site from 4.9% of micafungin-treated patients and 32.4% of fluconazole-treated patients.
Mortality. A total of 18 (4.2%) of 425 micafungin-treated patients and 26 (5.7%) of 457 fluconazole-treated patients died during the study ( ). None of the deaths were related P p .322 to the study drug. The median time to death was 29 days in both treatment arms. Three patients died of causes associated with a fungal infection: 1 patient in the micafungin arm died from zygomycosis, and 2 patients in the fluconazole arm died from pulmonary aspergillosis.
Adverse events. Fewer micafungin-treated patients discontinued use of the study drug because of an adverse event (4.2% in the micafungin arm and 7.2% in the fluconazole arm; ) (table 4) . Study drug administration was interrupted P p .058 because of adverse events for 2.8% of micafungin-treated patients and 2.4% of fluconazole-treated patients. The reasons for interrupting micafungin treatment included abnormal liver function parameters ( ), rash ( ), central line catheter n p 7 n p 2 leak ( ), hypervolemia ( ), and dysrhythmia ( n p 1 n p 1 n p ). The reasons for interrupting fluconazole treatment included 1 abnormal liver function parameters ( ), nausea ( ), n p 7 n p 1 coagulation disorder ( ), fever ( ), and allergy with n p 1 n p 1 dizziness ( ). n p 1 All patients experienced at least 1 adverse event while receiving study drug therapy. A total of 64 micafungin-treated patients (15.1%) and 77 fluconazole-treated patients (16.8%) experienced an adverse event that was considered by the investigator to have some association with the study drug (table  4) . There were no significant differences in aminotransferase levels between the 169 patients receiving cyclosporine immunosuppressive therapy concomitantly with micafungin and the 194 patients receiving cyclosporine with fluconazole. There were no significant differences in the frequency of related adverse events between pediatric patients and adult patients. There also were no differences in the frequency of infusion-related adverse events.
DISCUSSION
This randomized trial demonstrates the efficacy of an echinocandin for prophylaxis in neutropenic hosts. The overall success rate was significant higher for patients in the micafungin arm (80.0%, compared with 73.5% in the fluconazole arm). This treatment difference was consistently in favor of micafungin across all major patient subgroups. The time to treatment success was significantly shorter for micafungin. Micafungin also was more effective in reducing the need for empirical antifungal therapy. Although both study drugs were effective for preventing candidiasis, there were fewer episodes of aspergillosis among patients receiving micafungin. Micafungin therapy also was at least as safe as fluconazole therapy for adult and pediatric patients. 
NOTE.
Data are no. of subjects/total no. evaluated (%). Treatment success was defined as the absence of a proven, probable, or suspected systemic fungal infection through the end of prophylactic therapy and as the absence of a proven or probable systemic fungal infection through the end of the 4-week period after treatment. a 95% CI, 0.9%-12.0%.
Micafungin is a member of the novel class of antifungal agents, the echinocandins [8, 9, [14] [15] [16] [17] [18] [19] . Killing occurs in the region of active cell growth of the hyphae of Aspergillus fumigatus [20] . This unique antifungal effect of echinocandins on Aspergillus species poises these agents for optimal prophylactic effect early during hyphal growth. In a persistently neutropenic rabbit model involving pulmonary aspergillosis due to A. fumigatus, micafungin-treated animals demonstrated decreased blood vessel invasion, prevention of organism-mediated pulmonary injury, and improved survival, compared with untreated controls [9] .
Compatible with the aforementioned preclinical and initial clinical studies, our clinical trial demonstrated that micafungin administered to high-risk neutropenic patients was able to prevent both suspected and proven invasive fungal infections and was superior to fluconazole in overall efficacy. These benefits were observed across all population subgroups, including pediatric patients.
This double-blind trial compared the efficacy and safety of micafungin with that of fluconazole for prevention of invasive fungal infections during neutropenia by means of a design similar to that of the study by Goodman et al. [1] . In that study, systemic fungal infections developed in 28 patients (15.8%) who received placebo, compared with 5 patients (2.8%) who received fluconazole. Our study describes enrolled neutropenic patients who were at similar risk, as evidenced by deeply invasive fungal infections that developed in 2.4% of patients who also received fluconazole. The study by Goodman et al.
[1] and the clinical trial we report also were both designed to study the efficacy of antifungal therapy during neutropenia. Neither study was designed to address prophylaxis during the period after engraftment, which would not be practical for the parenterally administered micafungin.
The emergence of resistance to fluconazole is well known [21] . This study documented an ∼8-fold increase in the frequency of C. glabrata colonization in the fluconazole arm, compared with the echinocandin arm. Although there was no difference in the frequency of fungemia due to C. glabrata, this trend in colonization suggests selective pressure of the triazole that does not occur with the echinocandin. At the same time, there also was an increase of C. albicans colonization in the micofungin arm.
Consistent with its pathogen-based specific mechanism of action, excess toxicity associated with micafungin was not greater than that for fluconazole. Further underscoring the safety of the echinocandin, fewer micafungin-treated patients were withdrawn from the study because of an adverse event.
Fluconazole interacts with other drugs that are hepatically me- tabolized through the cytochrome P450 3A4 pathway, whereas micafungin does not interact with compounds metabolized through this route. Micafungin appears to be metabolized through the O-methyl transferase pathway, thus minimizing the probability of drug interactions in complicated patients with neutropenia. In summary, this randomized, double-blind, multicenter trial demonstrates that the echinocandin micafungin is at least as effective as fluconazole and is an appropriate alternative for antifungal prophylaxis in neutropenic patients.
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